ZBTB46 is a transcription factor identified in classical dendritic cells and keeps dendritic cells in a quiescent state. Chromatin immunoprecipitation sequencing in dendritic cells has identified over 1300 potential gene targets of ZBTB46, affecting many processes including cell cycle. Endothelial cells (ECs) also express ZBTB46 and are mostly in a quiescent non-proliferative state. While EC proliferation is a critical process in development, dysregulation of EC proliferation as seen in areas of disturbed flow play an important role in many disease processes such as atherosclerosis, pulmonary hypertension, transplant vasculopathy, neointimal hyperplasia, and in-stent restenosis. We studied the role of ZBTB46 in ECs, hypothesizing that it inhibits EC proliferation. Using a model of disturbed flow in mice, we found that ZBTB46 is expressed in murine arterial ECs in vivo, and is downregulated by disturbed flow. In vitro results using HAECs showed that cell confluence and laminar shear stress, both known physiological conditions promoting EC quiescence, led to upregulation of ZBTB46 expression. Adenoviral-mediated overexpression of ZBTB46 in vitro caused reduced EC proliferation, and increased number of cells in the G 0 /G 1 phase of cell cycle, without affecting apoptosis or senescence, while siRNA knockdown of ZBTB46 negated the known inhibitory role of unidirectional laminar shear stress on EC proliferation. ZBTB46 overexpression also led to a broad suppression of genes involved in cell cycle progression including multiple cyclins and cyclin-dependent kinases, but an increase in the CDK inhibitor CDKN1A. Phosphorylation of the retinoblastoma protein was also decreased as assessed by Western blot. Tube formation on Matrigel was reduced, suggesting an inhibitory role for ZBTB46 in angiogenesis. Further research is required to investigate the potential role of ZBTB46 in specific pathologic conditions and whether it can be targeted in a therapeutic manner.
Introduction
ZBTB46 (also known as BTBD4, zDC, BZEL, RINZF, and ZNF340) is a transcription factor belonging to the BTB-ZF (broad complex, tramtrack, bric-à-brac, and zinc finger) family of transcription repressors, and considered a marker of classical dendritic cells (cDCs) within the immune system [1, 2] . ZBTB46 is expressed in quiescent cDCs, and downregulated in response to TLR4 activation. Chromatin immunoprecipitation sequencing (ChIP-Seq) in cDCs has identified over 1300 gene targets, affecting many processes including cell cycle [3] . While ZBTB46 expression was also noted in endothelial cells (ECs) of the splenic vasculature, its role in ECs has not been studied [1] . As most ECs in the adult mouse vasculature are quiescent at baseline, we hypothesized that similar to its role in cDC quiescence, ZBTB46 contributes to the quiescent state of ECs and its downregulation is required for EC proliferation. It is well established that arterial ECs exposed to a disturbed flow pattern (exhibiting a low and oscillatory shear stress profile), such as inner curvatures or bifurcations become activated and have a higher turnover rate [4] [5] [6] [7] . Shear stress is also known to affect EC gene expression including important transcription factors regulating EC proliferation such as NFκB, AP1, EGR1, KLF2, and KLF4 [8] [9] [10] [11] [12] [13] [14] , and regulates the cell cycle through regulation of cell cycle proteins such as CDKN1A (p21 cip1 ) and phosphorylation of retinoblastoma protein (Rb) [15, 16] . Therefore, in this study we also investigated whether ZBTB46 is regulated by shear stress, and whether ZBTB46 expression levels affect EC proliferation in response to shear stress. While EC proliferation is a critical process in development, and a significant disruption of normal EC proliferation is not compatible with life in organisms with complex vasculature such as humans or mice, more subtle dysregulations of EC proliferation as seen in areas of disturbed flow play an important role in many disease processes such as atherosclerosis, pulmonary hypertension, transplant vasculopathy, neointimal hyperplasia, and in-stent restenosis [17] .
Materials and methods

Partial carotid ligation surgery
Animal studies were performed using C57Bl/6J mice (8-10-weeks-old male, Jackson Laboratory, stock #000664) according to the approved Institutional Animal Care and Use Committee protocol by Emory University. Mice left common carotid arteries were partially ligated under anesthesia, and development of low and oscillatory shear stress was determined by ultrasound measurements as previously described [18, 19] . Briefly, three of four caudal branches of the left common carotid artery (external carotid, internal carotid, and occipital artery) were ligated with 6-0 silk suture, and the superior thyroid artery was left intact. Mice were euthanized 2 days post ligation and carotid arteries were dissected and removed for analysis.
Intimal RNA isolation from carotid arteries
Total RNA from intima was separately obtained from the left common carotid artery (LCA) and right common carotid artery (RCA) at 2 days post ligation, using the flushing technique as previously described [18, 19] .
Isolation of endothelial RNA from lesser curvature (LC) and greater curvature (GC) of mouse aortic arch Aortic arch was harvested from mice and opened en-face. The endothelium was placed against a nitrocellulose membrane soaked in isopropanol for 5 min, the media and adventitia were peeled away leaving the intima adherent to the nitrocellulose membrane, and RNA was extracted using Qiagen miREasy kit as previously described [20] .
Cell culture and shear stress experiments
Human aortic endothelial cells (HAECs) were obtained commercially (GIBCO, C0065C or PromoCell, C-12271) and cultured according to the manufacturer's standard protocol. HAECs were seeded at various density to meet the purposes of different studies, and maintained in EC medium containing growth supplements (EBM-2, Lonza, CC-3516, CC-4176 or PromoCell, C-22011) with 2% FBS. HAECs between passage 6 and 7 were used for experiments. For shear experiments, confluent HAECs in 100 mm dishes were exposed to steady laminar shear (LS, 15 dyn/cm 2 ), or oscillatory shear (OS, ±5 dyn/cm 2 ) conditions for 2 days using a cone-and-plate shear device as previously described [20, 21] . For shear experiments with gain of function or loss of function components, the commercially available Ibidi pump system (Ibidi, Germany) was used to reduce reagent use, and set up according to manufacturer instructions. LS (15 dyn/cm 2 ) or OS (±5 dyn/cm 2 ) was applied for 2 days to 80% confluent HAECs cultured overnight on microchannel slides (µ-Slide I 0.4 Luer, Ibidi, Germany) coated with 40 μg/ml collagen (Collagen Type I, BD Biosciences 35-4236).
Measurement of cell counts
HAECs were seeded in multiple wells at same subconfluent density (2.0 × 10^4/well in 24-well plates). Transduced cells were seeded 24 h after infection alongside non-treated control cells. Cells were counted manually using a hemocytometer every 24 h for 4 days.
Adenoviral-mediated overexpression of ZBTB46
HAECs were cultured in 25 cm 2 cell culture flasks (Corning) to 70% confluent. Adenoviral infection of HAECs were carried out by replacing 6 ml culture medium with 3 ml medium containing control Ad-CMV-GFP (Vector Biolabs, Malvern, PA, 1060) or Ad-CMV-GFP-h-ZBTB46 (Vector Biolabs, Malvern, PA, ADV-228076) at an adenoviral particle to cell ratio of 20:1. After 4 h incubation, adenovirus-containing medium were replaced by normal endothelial medium without antibiotics and cells were cultured overnight before subculture for experimental usage. For ZBTB46 localization study, HAECs were infected with adenovirus-expressing FLAG-tagged (N-terminal) full-length human ZBTB46 (CMV promoter, Ad-FLAG-h-ZBTB46, Vector Biolabs, Malvern, PA) or FLAG-tagged (N-terminal) truncated version of human ZBTB46 (amino acid 420-498 deleted) lacking the zinc finger domains and a predicted nucleus localization sequence (CMV promoter, Ad-FLAG-h-ZBTB46-d420-498aa, Vector Biolabs, Malvern, PA). The adenoviral infection process for FLAG-tagged ZBTB46 constructs are the same as the GFP constructs described above, except that we used a dose of 20:1 for Ad-FLAG-h-ZBTB46 and 5:1 for Ad-FLAG-h-ZBTB46-d420-498aa to get similar ZBTB46 expression levels in HAECs transduced with these two different constructs due to different transduction efficiency.
siRNA-mediated downregulation of ZBTB46
HAECs were cultured to 80% confluence and transfected with 100 µM control siRNA (Cat. D-001810-10-05, GE Healthcare Dharmacon Inc.) or ZBTB46 siRNA (Cat. L-325, Thermo Sic) using oligofectamine (Cat.12252-011, Invitrogen) per manufacturer recommendations. Cells were cultured for 24 h before being transferred to Ibidi slides for shear stress experiments.
Immunofluorescence staining for Ki67 and FLAG For Ki67 immunofluorescence staining, culture media were removed from cells and replaced with PBS for a brief wash. HAECs were then fixed for 15 min at room temperature (RT) with 10% formalin and washed twice with PBS. Fixed cells were permeabilized with 0.1% Triton X-100 for 15 min at RT. After blocking with 20% goat serum for 30 min at RT, cells were incubated overnight with rabbit anti-Ki67 hAb (Abcam, Cambridge, MA, ab15580, 2 µg/ml in 5% goat serum), washed three times with PBS, and incubated for 2 h at RT protected from light with Alexa-fluor 568-labeled goat anti rabbit IgG (1:500 dilution). For FLAG immunofluorescence staining, culture media were removed from cells and replaced with PBS for a brief wash. HAECs were then fixed for 15 min at RT with 4% paraformaldehyde and 4% sucrose and washed twice with PBS. Fixed cells were permeabilized with 0.25% Triton X-100 for 5 min at RT. After blocking with 10% bovine serum albumin for 30 min at RT, cells were incubated overnight with monoclonal Anti-FLAG M2 (Sigma-Aldrich, F1804, St. Louis, MO. 1:1000 dilution), washed three times with PBS, and stained for 2 h at RT protected from light with Dylight 548-labeled goat anti mouse IgG (1:1000 dilution). Following incubation with secondary antibodies, cells were washed three times with PBS, and counter stained with DAPI (Sigma-Aldrich, D-9542, St. Louis, MO) for 15 min at RT and washed with PBS. Micrographs were taken using a fluorescent microscope.
Flow cytometry analysis of cell cycle assay
Cells were trypsinized and detached from culture flasks, washed twice with wash buffer (PBS + 0.1% BSA) and re-suspended at 1-2 × 10 6 cell/ml. 1 ml aliquots of cells were fixed by adding 3 ml cold (−20°C) absolute ethanol dropwise while gently agitating and stored overnight at −20°C prior to staining. For propidium iodide (PI) staining, fixed cells were washed twice and pelleted with centrifugation. 1 ml of PI (Life Technologies, Eugene, OR) staining solution (3.8 mM sodium citrate, 40 μg/ml PI) and 0.5 μg of RNase A were added to cell pellet and mixed well and incubated 3 h at 4°C prior to flow cytometry analysis. Flow cytometry was performed using a BD LSR II flow cytometer and data were analyzed using FlowJo software.
Cell apoptosis assay
Cell apoptosis assay was carried out by using a PE Annexin V apoptosis detection kit with 7-AAD (BioLegend, San Diego, CA) and following manufacture's instruction with minor modifications. Briefly, cells were washed twice with cold BioLegend's Cell staining buffer and re-suspended in Annexin V binding buffer at a concentration of 0.5 × 10 6 cells/ml. 50 μl of cell suspension was transferred into a 5 ml test tube, and 2.5 μl of PE Annexin V and 2.5 μl of 7-AAD viability staining solution were added. After incubation for 15 min at RT in the dark, 300 μl of Annexin V binding buffer was added to each tube. Specimens were analyzed by flow cytometry with proper settings.
Senescence-associated beta-galactosidase (SA-β-gal) staining
To study cell senescence, in situ SA-β-gal staining was performed according to manufacturer protocol. Briefly, cells were grown in 12-well cell culture plates, washed with PBS, and fixed with 2% formaldehyde with 0.2% glutaraldehyde in PBS for 5 min at RT. Cells were washed twice with PBS and incubated with β-gal staining solution (150 mM NaCl, 2 mM MgCl 2 , 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 40 mM citric acid/sodium phosphate buffer, pH 6.0), containing 1 mg/ml x-gal (Abcam, Cambridge, MA, ab144388) dissolved in DMF overnight at 37°C. Thereafter, cells were washed with PBS and methanol and allowed to air dry. Blue stain was visualized and pictures were taken by bright field to visualize blue staining, and phase contrast microscopy to count total cells using an Olympus IX71 microscope.
Tube formation assay
Tube formation assays were carried out as described previously with minor modifications [22, 23] . HAECs were evenly seeded at a density of 2 × 10 4 cells/well in 48-well cell culture plates pre-coated with Matrigel (Corning, 354234) and cultured overnight. After overnight incubation, micrographs were taken at 2× magnification using an Olympus IX71 microscope. Tube formation (total tube length per well and network branch points) was quantified using ImageJ. Human primer sequences used were as follows: ZBTB46: forward 5′-CGGGAAGAAGTTCACGCGG-3′, reverse 5′-CTGCA CACCTTGCACACATAC-3′; 18s: forward 5′-AGGAATT GACGGAAGGGCACCA-3′, reverse 5′-GTGCAGCCCC GGACATCTAAG-3′; GAPDH: forward 5′-GGATTTGG TCGTATTGGG-3′, reverse 5′-GGAAGATGGTGATGGG ATT-3′; CDK1: forward 5′-TTTTCAGAGCTTTGGGCA CT-3′, reverse 5′-CCATTTTGCCAGAAATTCGT-3′; CD K2: forward 5′-ACTGAGGGTGTGCCCAGTA-3′, reverse 5′-GAGGGGAAGAGGAATGCCAG-3′; CDK4: forward 5′-ACCCGTGGTTGTTACACTCTG-3′, reverse 5′-ACAG AAGAGAGGCTTTCGACG-3′; CDK6: forward 5′-CTG GCCTAGAGATGTTGCCC-3′, reverse 5′-GTGAGACAG GGCACTGTAGG-3′; CCNA2: forward 5′-TGCTGGAG CTGCCTTTCATTT-3′, reverse 5′-ATGCTGTGGTGCTT TGAGGTA-3′; CCNB1: forward 5′-CGGGAAGTCACT GGAAACAT-3′, reverse 5′-AAACATGGCAGTGACAC CAA-3′; CCND1: forward 5′-TCCTCTCCAAAATGC-CAGAG-3′, reverse 5′-GGCGGATTGG AAATGAACTT-3′; CCNE1: forward 5′-TCCAGGAAGAGGAAGGC AAAC-3′, reverse 5′-TTGTCAGGTGTGGGGATCAG-3′; Rb1: forward 5′-AGTGCTGAAGGAAGCAACCC-3′, reverse 5′-TGTCCACCAAGGTCCTGAGA-3′; CDKN1A: forward 5′-CTGCCCAAGCTCTACCTTCC-3′, reverse 5′-ATCTGTCATGCTGGTCTGCC-3′; CDKN1B: forward 5′-TCTGAGGACACGCATTTGGT-3′, reverse 5′-GCATT TGGGGAACCGTCTGA-3′.
RNA extraction and quantitative PCR
Western blot
Samples were harvested in phosphate-buffered RIPA lysis buffer (Boston BioProducts, Ashland, MA). After incubation on ice for 30 min, samples were centrifuged at 12,000 rpm for 10 min and the supernatants were collected. Total protein concentrations were determined by the Pierce BCA protein Assay (Thermo Scientific, Rockford, IL). Protein lysates were boiled and separated on 10% SDS-PAGE gels and transferred to PVDF membranes. Following blocking, membranes were incubated with primary antibodies (diluted accordingly in 5% BAS/ TBST). Primary antibodies and dilutions used were rabbit anti-ZBTB46 (Novus, NBP1-88506, 1:500), mouse antiRb (Cell Signaling 9309, 1:1000), rabbit anti-phospho (Ser797)-Rb (Cell Signaling 9301, 1:1000), mouse anti-β-actin (Sigma-Aldrich, A5316, 1:10,000), and rabbit anti-GAPDH (Santa Cruz, sc-25778, 1:10,000). After overnight incubation with the primary antibody at 4°C, membranes were washed and incubated with secondary antibodies (anti-mouse IgG-HRP (Santa Cruz, sc-2005, 1:10,000), anti-rabbit IgG-HRP (Santa Cruz, sc-2004, 1:10,000)), diluted in 5% BSA/TBST for 1 h at RT. Bands were developed by adding Immobilon Western chemiluminescent HRP substrate (Millipore, Billerica, MA) to the membranes and captured using Kodak image station 4000 mm Pro. Protein content was quantified using ImageJ and normalized to GAPDH or β-actin.
Statistics
All studies were performed in duplicates or triplicates with at least three or more replicates per assay. Data are presented as mean ± SEM. Statistical significance was assessed using ANOVA and Bonferroni's multiple comparisons test by GraphPad Prism software. In some cases, a Student's ttest was used to assess significance between groups when no other variables were considered. A value of P < 0.05 was considered statistically significant.
Results
ZBTB46 is expressed in arterial ECs in vivo and is downregulated in areas exposed to disturbed flow
In a study using GFP-expressing ZBTB46 transgenic mice, Satpathy et al. noted that splenic vasculature ECs expressed ZBTB46 [1] . We first examined whether healthy quiescent arterial EC express ZBTB46 in vivo, using RNA obtained from the mouse common carotid artery. It is well established that ECs exposed to a disturbed flow pattern, such as inner curvatures or bifurcations, become activated and have a higher turnover rate [4] [5] [6] [7] . To be able to compare the baseline ZBTB46 expression levels in quiescent ECs with activated ECs, we used an established model of acutely induced disturbed flow in mice by partial ligation of the left common carotid artery (LCA), which exposes the ECs to low shear stress, and flow reversal during diastole, in the LCA, while ECs in the right common carotid artery (RCA) remain exposed to unidirectional laminar shear stress of physiologic amplitude [18, 19] . Two days following the partial ligation procedure in C57Bl/6 mice, EC-enriched intimal RNA (Supplemental Fig. 1 ) was collected from the LCA and RCA, and ZBTB46 mRNA expression was assessed using qPCR. Our results show that ZBTB46 is expressed at baseline in samples collected from the RCA, and is significantly downregulated in the LCA (exposed to disturbed flow) by over 50% (Fig. 1a) . To confirm this finding, we used a second model comparing the effect of more chronic differences in flow patterns on ZBTB46 mRNA expression, comparing gene expression by qPCR of intimal RNA isolated from the greater curvature (GC) of the aortic arch with the lesser curvature (LC) as previously described [20] . ECs in the GC are exposed to stable unidirectional flow, while ECs in the LC are chronically exposed to disturbed flow [6] . Consistent with the partial ligation model, we observed a similar pattern of ZBTB46 expression being downregulated in the LC where EC are chronically exposed to disturbed flow (Fig. 1b) . These results show for the first time that ZBTB46 is expressed in arterial ECs and is downregulated in response to disturbed flow in vivo. We also verified the known effect of disturbed flow on EC proliferation (using en-face staining of Ki67 as a marker of cell proliferation) [24] in the partial carotid ligation model in vivo, and found that, as expected, EC proliferation is significantly increased in the partially ligated LCA compared to RCA control 2 days post ligation (Supplemental Fig. 2 ). Shear stress has been shown to affect the expression of the cyclin-dependent kinase inhibitor CDKN1A (p21 Cip1 ) in EC, involved in shear stress regulation of EC proliferation [15, 16] . We therefore examined the gene expression of CDKN1A in EC-enriched mRNA from the partially ligated LCA 2 days post ligation compared to the non-ligated RCA as control. Our results showed that CDKN1A was significantly reduced in the partially ligated artery (Fig. 1c) .
ZBTB46 is expressed in quiescent ECs in vitro, and is downregulated in proliferating cells and cells exposed to OS stress
To assess the role of ZBTB46 on EC proliferation, we studied the effect of two known conditions affecting EC proliferation, i.e. contact inhibition and unidirectional laminar shear stress, on ZBTB46 expression in cultured HAECs. To understand the expression pattern of ZBTB46 in proliferative vs. contact inhibited ECs, we measured ZBTB46 mRNA level by qPCR in HAECs at various culture densities and post confluence. Interestingly, our results show that ZBTB46 mRNA expression is equally low in all groups of proliferating non-confluent cells; however, its expression is markedly increased (up to 5-fold) upon confluence and sustained thereafter (Fig. 2a) . Correspondingly, robust increase of ZBTB46 protein was also evident by Fig. 1 ZBTB46 mRNA is expressed in mouse arterial endothelial cells in vivo and is downregulated in areas exposed to disturbed flow where EC proliferation is increased, and correlates with CDKN1A (p21) gene expression. We performed a partial ligation procedure in C57Bl/6 mice which produces a disturbed flow profile in the LCA inducing endothelial cell activation, while retaining a unidirectional physiologic flow in the RCA where ECs are quiescent. EC-enriched RNA were isolated 2 days post ligation from the LCA and RCA, and ZBTB46 and CDKN1A (p21) mRNA expression in the LCA were compared to the RCA as control. ZBTB46 mRNA expression was also compared in the greater curvature (GC) vs. the lesser curvature (LC) of the aortic arch. a, c Endothelial cell ZBTB46 and CDKN1A(p21) mRNA expression in right common carotid artery (RCA) vs. left common carotid artery (LCA, partially ligated) showing downregulation of ZBTB46 and CDKN1A in the LCA. *P < 0.05, ***P < 0.01 two-tailed t-test, n = 9. b ZBTB46 mRNA expression in the greater curvature (GC) vs. the lesser curvature (LC) of the aortic arch. Intimal RNA was isolated from the LC and GC of the aortic arch in C57Bl/6 mice and ZBTB46 mRNA expression in the LC was compared to the GC showing downregulation of ZBTB46 in LC. *P < 0.05 one-tailed t-test, n = 7
Western blot in cells cultured for 2 days post confluence compared to cells at 50% confluence (Fig. 2b, c) . We then studied ZBTB46 expression in ECs subjected to different shear stress patterns in vitro using a cone-and-plate shear system. We used unidirectional laminar shear stress of 15 dyn/cm 2 (LS) as a representation of physiologic shear stress and compared to oscillatory shear stress of ±5 dyn/cm 2 (OS) representing the shear stress in areas exposed to disturbed flow for 2 days [20, 21] . HAECs exposed to OS conditions showed significantly decreased ZBTB46 mRNA expression (Fig. 2d ) and protein content (Fig. 2e, b, f) compared to LS. These data demonstrate that EC expression of ZBTB46 is regulated by cell confluence and shear stress, and is downregulated in proliferating cells.
ZBTB46 overexpression suppresses EC proliferation without inducing cell death
We found that non-proliferating ECs express higher level of ZBTB46 compared to proliferative ECs; however, it is unclear whether ZBTB46 expression level has a causative role in reduced EC proliferation. Here we tested the hypothesis that high ZBTB46 levels suppress EC proliferation. We used adenoviral transduction of ZBTB46 to overexpress ZBTB46 in HAECs. HAECs were infected with adenovirus co-expressing GFP and human ZBTB46 transcripts or control adenovirus (GFP only) at an adenoviral particle to cell ratio of 20:1, alongside a baseline no treatment control (NTC). Robust increase in both ZBTB46 mRNA and protein levels were observed in ZBTB46-transduced cells compared to controls (Fig. 3a-c) . To examine the effect of ZBTB46 on cell proliferation, ZBTB46-overexpressing HAECs (24 h post infection) and control cells were sub-cultured at low density and cultured for 4 days, and live cells were counted manually by hemocytometer (with Trypan Blue exclusion of dead cells) every 24 h. The proliferation curves clearly demonstrate that ZBTB46 overexpression resulted in marked reduction in live cell numbers at day 1 and any given time point thereafter compared with control groups (Fig. 3d) , with no significant effect on cell death as measured by manual counting of Trypan Blue-positive cells at day 2 (Fig. 3e) . Fig. 2 Expression of ZBTB46 in endotheal cells at both mRNA and protein levels is induced in confluent human aortic cells in vitro and is shear sensitive, being significantly downregulated by low and oscillatory shear stress. a ZBTB46 mRNA expression in HAECs cultured at various densities (20-100%) and up to 6 days post confluence. ***P < 0.001, compared to the 20% confluent group, one-way ANOVA, n = 6. b, c Western blot assay for ZBTB46 protein content in 50% confluent HAECs compared to HAECs cultured 2 days post confluent, quantified using ImageJ. ***P < 0.001, two-tailed ttest, n = 4. d-f HAECs were cultured under unidirectional laminar shear stress (LS, 15 dyn/cm 2 ) or low and oscillatory shear stress (OS, ±5 dyn/cm 2 ) for 2 days using a cone-and-plate in vitro shear system. d ZBTB46 mRNA expression by qPCR. e, f ZBTB46 protein expression by Western blot, quantified using ImageJ. *P < 0.05, ***P < 0.001, n = 6 ZBTB46 overexpression affects cell cycle, without affecting baseline apoptosis and senescence in HAECs Given the above results and that a ChIP-Seq assay in cDCs revealed multiple cell cycle genes as potential targets for ZBTB46 [3] , we assessed the role of ZBTB46 on cell cycle in ECs using flow cytometry analysis of cell cycle by propidium iodide (PI) DNA staining in HAECs cultured in vitro (Fig. 4a) . Our data revealed that ZBTB46 overexpression resulted in significantly more cells in the G 0 /G 1 phase and fewer cells in the S phase (Fig. 4b) . We then sought to assess whether ZBTB46 overexpression increased apoptotic live cells. Cells were double stained with 7-AAD (live-dead marker) and Annexin V (apoptosis marker) to assess the effect of ZBTB46 overexpression on cell apoptosis. Flow cytometry results exhibited no significant difference in frequency of Annexin V-positive cells (as percentage of live transduced cells, gated on GFPpositive, 7-AAD-negative cells), suggesting that ZBTB46 overexpression did not lead to increased apoptosis (Fig. 4c) . To distinguish non-proliferating cells from proliferating cells, we performed immunofluorescent staining with Ki67 antibody as a marker of proliferating cells [24] in ZBTB46-overexpressing and control cells. ZBTB46-transduced cells showed significantly less Ki67-positive staining compared to GFP controls (Fig. 4d, e) , confirming an increased ratio of non-proliferating cells. The decreased number of Ki67-positive cells in addition to the cell cycle analysis results suggest an increase in the number of ECs exiting the cell cycle (G 0 ). Cells in G 0 are considered to be quiescent; however, this population of cells also includes senescent cells. In order to distinguish between quiescent and senescent cells, we assessed the effect of ZBTB46 on cell senescence, using a SA-β-gal staining assay which results in a positive staining of senescent cells. ZBTB46-overexpressing cells did not show a significant increase in senescent cells (Fig. 4f) , suggesting that the ZBTB46-induced increase in G 0 cells is due to increased number of quiescent but not senescent cells. Fig. 3 Adenoviral-mediated overexpression of ZBTB46 results in a significant increase in ZBTB46 mRNA and protein expression in HAECs, leading to significant supression of EC proliferation. HAECs were transfected with adenovirus transducing both ZBTB46 and GFP as a marker for transduction efficiency (ZBTB46-AV) or adenovirus transducing only GFP as control (GFP-AV) at an adenoviral particle to cell ratio of 20:1, and cultured alongside non-treated control (NTC) HAECs. a-c ZBTB46 mRNA measured by qPCR and protein level (Western blot, quantified using ImageJ software) 3 days post infection. ***P < 0.001, compared to GFP control, one-way ANOVA, n = 4-5/ group. d Transduced HAECs were seeded at similar sub-confluent density 24 h after infection alongside NTC cells and were counted manually every 24 h for 4 days. **P < 0.01, ***P < 0.001, compared to GFP control, one-way ANOVA. e Manual count of Trypan Blue (TB)-stained cells (as % of total cells) in ZBTB46-transduced HAECs at day 3 showed no significant difference among groups
ZBTB46 expression affects shear stress regulation of EC proliferation
In order to assess the effect of ZBTB46 on shear stress regulation of EC proliferation, we used loss of function and gain of function experiments in HAECs exposed to laminar shear stress or oscillatory shear stress, respectively, using the Ibidi shear stress system in vitro followed by Ki67 staining to measure cell proliferation. ZBTB46 was downregulated in HAECs using siRNA to ZBTB46 (and compared to control non-targeting siRNA) in order to assess the role of ZBTB46 downregulation under the proliferation inhibited LS condition, and in a second set of experiments ZBTB46 was overexpressed using transduced HAECs infected with ZBTB46-AV (compared to control-AV infection) to assess the role of ZBTB46 overexpression under the proliferative OS condition. Following treatment with either siRNA or AV, HAECs were exposed to LS (15 dyn/cm 2 ) or OS (±5 dyn/cm 2 ) for 2 days using the commercially available Ibidi shear stress system. LS treatment of HAECs led to about a 50% decrease in EC proliferation when compared to cells exposed to OS as expected.
Importantly, downregulation of ZBTB46 using siRNA under LS conditions negated the inhibitory effect of LS on cell proliferation (Fig. 5a) showing an important role for ZBTB46 expression in LS-mediated inhibition of EC proliferation. On the other hand, overexpressing ZBTB46 using adenoviral transduction led to significant reduction of EC proliferation under OS, showing that in the OS proliferative condition ZBTB46 overexpression can also hinder EC proliferation (Fig. 5b) .
Full-length ZBTB46 locates to the nucleus, but a truncated version lacking the zinc finger domains remains mostly in the cytoplasm and does not significantly affect cell proliferation
In order to elucidate the mechanism of ZBTB46 overexpression affecting cell proliferation, we first assessed its localization in the cell. Since we found no suitable ZBTB46 antibodies for immunostaining of human cells, we used two versions of FLAG-tagged ZBTB46-overexpressing vectors, one expressing the full-length, and a second truncated version lacking the zinc finger domains and the predicted (early apoptotic cells) using flow cytometry (gated on live GFP+ cells) showed no significant difference among groups. d Representative images of adenovirus-infected HAECs stained with Ki67 (red, marker of proliferation) and DAPI (blue, nuclei). e Quantification of Ki67-positive cells as percentage of total GFP+ cells using ImageJ software. ***P < 0.001, two-tailed t-test, n = 6-8/group. f Representative images staining for SA-β-galactosidase in different groups of HAECs. HAECs were exposed to repeated 5% ethanol treatment to induce senescence as a positive control (Positive C) for the assay. g Quantification of SA-β-gal-positive cells (% of total cells) in different groups of cells, manually counted and averaged from five field of views in each well. ***P < 0.001, compared to GFP control, one-way ANOVA, n = 4 nuclear localization site. Using immunofluorescence and anti-FLAG antibody, we found that the full-length FLAGtagged ZBTB46 located mostly to the nucleus; however, the FLAG-tagged truncated version of ZBTB46 did not translocate to the nucleus (Fig. 6a) . As expected the FLAGtagged full-length ZBTB46 led to decreased cell proliferation compared to control; however, the truncated version of ZBTB46 had significantly less effect on cell proliferation (Fig. 6b) , suggesting that nuclear localization is important in the effect of ZBTB46 on cell proliferation.
ZBTB46 overexpression suppresses multiple cell cycle genes expression as well as Rb protein expression and phosphorylation
To further explore the molecular basis of reduced cell proliferation in HAECs in response to ZBTB46 overexpression, cell cycle gene expression levels were compared in ZBTB46-transduced and control cells by qPCR. ZBTB46 overexpression led to a broad suppression of genes involved in cell cycle progression including cyclins (CCNs) CCNA2, CCNB1, CCND1, and CCNE2, as well as cyclindependent kinases (CDKs) CDK1, CDK2, CDK4, CDK6, and the retinoblastoma protein (Rb1). On the other hand, ZBTB46 overexpression led to an increase in one of the CDK inhibitors, CDKN1A (p21), but no significant change in the CDK inhibitor CDKN1B (p27) as shown in Fig. 7a . The main endpoint of interaction between cyclins and CDKs is the phosphorylation of retinoblastoma protein (Rb). We therefore assessed Rb protein phosphorylation by Western blot. Correspondingly, we observed a significant reduction in protein contents of total Rb and phosphorylated Rb protein (pRb) (Fig. 7b, c) as well as decreased ratio of pRb over total Rb levels (Fig. 7d ). These results demonstrate that ZBTB46 overexpression significantly affects the cell cycle by regulating a number of genes involved in cell cycle progression.
ZBTB46 overexpression reduces tube formation in a Matrigel tube formation assay
Angiogenesis is a process which is highly dependent on EC proliferation. In order to examine the comprehensive effect of ZBTB46 overexpression on the functionality of ECs in regard to angiogenesis, we used the Matrigel tube formation assay which is widely used as a surrogate for angiogenic capacity of ECs in vitro. ZBTB46 overexpressing HAECs formed significantly less tubules (Fig. 8a) when compared with control cells, with less total tube length and branching points (Fig. 8b, c) . These results suggest a role for ZBTB46 in decreasing the angiogenic capacity of ECs.
Discussion
In the current study, we show for the first time that ZBTB46 is expressed in quiescent human ECs in vitro in addition to murine ECs in vivo, is regulated by shear stress and cell confluence, and that it can inhibit the proliferation of ECs in vitro. Furthermore, we show that ZBTB46 may exert its anti-proliferative effects through regulation of genes involved in the cell cycle including cyclins and CDKs, as well as the inhibitor of cyclin-dependent kinases CDKN1A (p21 Cip1 ), culminating in reduced levels of phosphorylated retinoblastoma protein in ECs and increased number of cells in G 0 /G 1 phase, leading to a functional change in ECs as seen with decreased tube formation in an in vitro model of angiogenesis. These results suggest a potential inhibitory following treatment with a ZBTB46 siRNA or control siRNA, and b ZBTB46-AV or control-AV. Quantification of Ki67-positive cells as percentage of total EC was performed using ImageJ software, normalized to the control OS condition. *P < 0.05, **P < 0.01, compared to control OS, n = 3-6/group role for ZBTB46 in various conditions where EC proliferation plays a significant role such as vascularization of cancerous tumors, pulmonary arterial hypertension, and atherosclerosis, while elucidating a novel mechanism through which altered flow and shear stress patterns may affect EC gene expression and proliferation.
ZBTB46 is a transcription factor belonging to the BTB/ POZ-ZF family of transcription repressors. While ZBTB46 expression was recently noted in ECs of the splenic vasculature [1] , its role in ECs is unknown. ECs lining the arteries of adult humans are mostly present in a confluent monolayer exposed to unidirectional laminar shear stress, and are quiescent with a low turnover rate, but exhibit a higher turnover rate in areas exposed to disturbed flow [4] [5] [6] [7] . Since other members of the BTBD/POZ-ZF family of transcription factors have been shown to act as a transcription repressor and affect cell proliferation [25] , we hypothesized that ZBTB46 contributes to the quiescent state of ECs and its downregulation is required for EC proliferation. To test this hypothesis, we first examined whether ZBTB46 is differentially expressed in quiescent ECs vs. proliferating ECs in vivo. As disturbed blood flow (characterized by low and oscillatory shear stress) is a known stimulus for EC activation both in vivo and in vitro, we used an established method of inducing disturbed flow in a mouse model which also allows collection of EC-enriched RNA [18, 19] , and found that quiescent ECs in the mouse common carotid artery express a baseline level of ZBTB46, which is significantly downregulated in activated ECs in the partially ligated common carotid artery exposed to disturbed flow (Fig. 1a) . This was further confirmed using a second model comparing ECs chronically exposed to stable laminar shear and disturbed flow areas (Fig. 1b) . Shear stress is known to affect ECs through multiple mechanisms, including regulation of gene expression, miRNA expression, and DNA methylation, modulated through integrins, primary cilia, adhesion molecules, gap junctions, ion channels, and more [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Further studies are needed to elucidate the mechanisms involved in shear stress regulation of ZBTB46 in ECs. As previously reported, arterial ECs in wild-type mice have a low proliferation rate (even in areas of disturbed flow), but baseline EC proliferation can be seen more prominently in ApoE KO mice, which is significantly increased in areas of disturbed flow [7] . We therefore performed the partial carotid ligation procedure in ApoE KO mice and found that similar to what is previously reported, EC proliferation is increased in response to disturbed flow in the partially ligated carotid (Supplemental Fig. 2 ). In the current study we did not focus on the origin of these proliferating cells, and therefore cannot determine if these proliferating cells represent a stem cell repair sub population as previously asserted [7] , or the fully differentiated existing arterial EC which have now become more proliferative. However, when we assessed the gene expression level of the CDK inhibitor CDKN1A (p21 Cip1 , which has been reported to be shear sensitive and inhibit EC proliferation) [16] in wild-type C57Bl/6 mice in vivo, we found that CDKN1A mRNA levels were significantly reduced in the partially ligated artery (Fig. 1c) . Overall, these results show a correlation between downregulation of ZBTB46 and CDKN1A by disturbed flow in vivo, and suggest they may Fig. 6 Full-length but not truncated version of transduced ZBTB46 exhibits nuclear localization and suppresses cell proliferation in HAECs. a Representative images showing immunofluorescent staining of FLAG-tagged full-length ZBTB46 (F-ZBTB46-AV) or FLAGtagged truncated version ZBTB46 protein (F-shortZBRB46-AV) compared to control lacZ adenovirus-infected cells (lacZ-AV) using an anti-FLAG antibody (red), and DAPI nuclear counter stain (blue). b Adenovirus-infected cells were seeded at similar sub-confluent density in 24-well plates 1 day post infection. Cell numbers were counted manually every day for 4 days. *P < 0.05, **P < 0.01, ***P < 0.001 compared to lacZ-AV, #P < 0.05, ##P < 0.01, ###P < 0.001 compared to F-shortZBTB46-AV, one-way ANOVA, n = 4 contribute to the increased EC proliferation seen in areas of disturbed flow in vivo under conditions that stimulate EC proliferation.
The effect of shear stress on regulating ZBTB46 in ECs was further confirmed in vitro using an established coneand-plate model (Fig. 2d-f ). It should be noted that many effects of shear stress on EC gene regulation are affected by the magnitude of the shear stress as well as the shear rate, pulsatility, and the time frame of shear exposure. The effect of these shear stress parameters on ZBTB46 expression need to be further studied. However, the magnitude of changes seen in ZBTB46 expression under OS vs. LS conditions used in vitro in this study roughly correlate with the magnitude of in vivo changes observed, suggesting that the parameters used in vitro are an acceptable starting point to study the effects of shear stress on ZBTB46 expression. When isolated and cultured in vitro under static conditions in presence of required nutrients and growth factors, ECs become proliferative and eventually produce a confluent monolayer at which point they exhibit contact inhibition. Notably, we also found that ECs proliferating in regular culture conditions in vitro express very low levels of ZBTB46 which increases as the cells become confluent (Fig. 2a-c) . Higher levels of ZBTB46 expression in contact inhibited cells (post-confluence) as well as cells exposed to steady laminar shear suggests a potential role for ZBTB46 in inhibiting EC proliferation. We therefore focused our studies to examine whether ZBTB46 expression led to decreased EC proliferation. As proliferating ECs express minimal levels of ZBTB46, a further knockdown of ZBTB46 in cells cultured under static conditions using siRNA would not be useful in assessing its role on cell proliferation and we proceeded with an overexpressing strategy using adenoviral-mediated overexpression of ZBTB46 in HAECs, which led to a robust expression of ZBTB46 (Fig. 3a-c) . Using this approach, we found that cells overexpressing ZBTB46 showed significant decrease in proliferation throughout a 4-day experimental timeframe (Fig. 3d) , showing that ZBTB46 has a significant role on inhibiting EC proliferation. Given the observed reduction in EC proliferation in response to ZBTB46 overexpression and the observed correlation between gene expression levels of ZBTB46 and CDKN1A in areas of disturbed flow, we studied the effect of ZBTB46 overexpression on cell cycle using flow cytometry. Cells overexpressing ZBTB46 showed a significant increased frequency of cells in the G 0 /G 1 phase and a decreased frequency of cells in the S phase, with no significant effect on number of cells undergoing apoptosis (Fig. 4a-c) . To distinguish nonproliferating cells in G 0 from cells in the G 1 phase of the cell cycle, we performed immunofluorescent staining with Ki67 antibody in ZBTB46-overexpressing and control cells. Ki67 protein is present during all active phases of the cell cycle (G 1 , S, G 2 , and M), but is absent from resting cells (G 0 ) and has been widely used as a marker of proliferating cells [24] . We found that cells overexpressing ZBTB46 showed significantly less frequency of Ki67-positive cells (Fig. 4d, e) , suggesting that ZBTB46 overexpression led to cells exiting the cell cycle. Senescent cells are also non-proliferative (Ki67-negative), and eventually undergo apoptosis. To assess if ZBTB46 overexpression was leading to cell senescence, we performed a SA-β-gal staining assay for senescent cells, which revealed no increase in number of positively stained cells in the ZBTB46-overexpressing cells (Fig. 4f, g ). The lack of increased SA-β-gal-positive staining in ZBTB46-overexpressing cells, along with no indication of increased apoptotic cells, showed that ZBTB46 overexpression did not induce cell senescence, and therefore the increased number of G 0 cells can be attributed to cell quiescence rather than senescence. We then examined if ZBTB46 affects the changes in EC proliferation observed in different shear stress treatment of ECs. Our results showed that as expected, exposure to LS condition inhibited EC proliferation compared to OS, but this inhibitory effect of LS on EC proliferation was rescued when ZBTB46 was downregulated by siRNA (Fig. 5a ). On the other hand, adenoviral overexpression of ZBTB46 reduced EC proliferation under OS conditions (Fig. 5b) . These results show that ZBTB46 plays an important role in the shear stress regulation of EC proliferation.
Meredith et al. have shown that ZBTB46 affects gene expression in cDCs and a ChIP-Seq assay identified a large number of cell cycle genes as potential ZBTB46 targets in cDCs [3] . Having found the effect of ZBTB46 on EC proliferation, we next assessed the effect of ZBTB46 overexpression on the expression of genes involved in cell cycle. We first questioned whether ZBTB46 indeed localizes to the nucleus in ECs in order to affect gene expression. Currently, no suitable anti-ZBTB46 antibodies are available for performing immunofluorescence studies in human cells, therefore we used a FLAG-tagged version of ZBTB46-expressing vector to overexpress FLAG-tagged ZBTB46 in ECs and used anti-FLAG antibody to locate the protein in ECs using immunofluorescence. Our results showed that ZBTB46 did indeed localize predominantly to the nucleus; however, a truncated version of ZBTB46 lacking the zinc finger DNA binding domains as well as the predicted nuclear localization site was found predominantly in the cytoplasm (Fig. 6a) . We also confirmed that the FLAG-tagged ZBTB46 overexpression led to decreased cell proliferation, but found the truncated version of ZBTB46 had significantly less effect on cell proliferation overall, showing a significant difference with the control cell population only at day 3 which requires further investigation (Fig. 6b) . We then proceeded to assess the effect of ZBTB46 overexpression on cell cycle genes including the cyclins, CDKs, CDK inhibitors, and Rb1. Interestingly, ZBTB46 overexpression had a widespread effect, downregulating gene expression of all the cyclins and CDKs tested, with the most significant effect on cyclin A2 (CCNA2) and CDK2, both known to be involved in progression of the cell cycle through the S phase of the cell cycle. At the same time, the gene expression of the CDK inhibitor CDKN1A (p21) showed a significant increase in the ZBTB46-overexpressing cells, but no significant change was observed for CDKN1B (p27) (Fig. 7a) . Rb1 gene expression as well as Rb protein level and phosphorylation ratio were also reduced in ZBTB46-overexpressing cells (Fig. 7b-d) . Further research is needed to assess whether the gene expression effects of ZBTB46 overexpression on cell cycle is a direct effect due to the binding of ZBTB46 to the promoter sites of these genes or a secondary effect. Interestingly, laminar shear stress has been shown to inhibit EC proliferation in vitro via inducing CDKN1A (but not CDKN1B) and decreased Rb phosphorylation in ECs [15, 16] . While we found that ZBTB46 overexpression in ECs increased CDKN1A gene expression, it remains to be seen if shear stress induction of CDKN1A in ECs is mediated through ZBTB46. Prior ChIP-Seq data in cDCs showed both CDKN1A and CDKN1B as potential targets of ZBTB46 (found in list of genes in the supplementary file) [3] , suggesting that ZBTB46 may indeed directly affect the gene expression of these CDK inhibitors. Other important transcription factors affecting EC proliferation such as NFκB, AP1, EGR1, KLF2, and KLF4 are also regulated by shear stress and whether ZBTB46 cooperates with these and other transcription factors to mediate the effects of shear stress remains to be seen [8] [9] [10] [11] [12] [13] [14] . The above ChIP-Seq data in cDCs also listed KLF2, KLF4, various subunits of AP1, and NFKB2 as targets of ZBTB46; however, the potential interactions between these transcription factors have not been the focus of the current study and require further investigation. Future studies will focus on the effect of ZBTB46 on EC gene expression under various shear stress conditions including its effect on CDKN1A expression as well as other shear responsive genes and its interaction with overexpression. b, c Quantification of total tube length and branch points using ImageJ software. ***P < 0.001 compared to GFP-AV, one-way ANOVA, n = 4-6/group other transcription factors. Finally, to assess the overall effect of ZBTB46 overexpression in a functional in vitro assay, we used a Matrigel tube formation assay and found that ZBTB46 overexpression leads to decreased tube formation (Fig. 8) , suggestive of decreased angiogenic capacity of ECs overexpressing ZBTB46.
In summary, we have identified a novel flow-sensitive transcription factor which inhibits EC proliferation and may thus contribute to the underlying mechanisms involved in multiple diseases. EC proliferation plays an important role in many disease processes such as atherosclerosis, pulmonary hypertension, postsurgical neointimal hyperplasia, in-stent restenosis, vein bypass graft failure, and transplant vasculopathy. Importantly, atherosclerotic lesions have a propensity to occur in areas of disturbed flow and we have previously shown that disturbed flow contributes to accelerated atherosclerosis in an animal model [18] . More recently, ECs exposed to disturbed flow have been shown to contribute to neointimal proliferation following drug-eluting bioresorbable vascular scaffold implantation [36] . ZBTB46 may therefore play a role in disturbed flow-mediated atherosclerosis and in-stent restenosis. Further research is required to investigate the potential role of ZBTB46 in specific pathologic conditions and whether it can be targeted in a therapeutic manner.
